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RUNTIME FUSION OF OPERATORS BASED 
ON PROCESSINGELEMENT WORKLOAD 

THRESHOLD AND PROGRAMMING 
INSTRUCTION COMPATIBILITY 

BACKGROUND 

This disclosure generally relates to stream computing, and 
in particular, to computing applications that receive stream 
ing data and process the data as it is received. 

Database systems are typically configured to separate the 
process of storing data from accessing, manipulating, or 
using data stored in a database. More specifically, database 
systems use a model in which data is first stored and indexed 
in a memory before Subsequent querying and analysis. In 
general, database systems may not be well Suited for per 
forming real-time processing and analyzing streaming data. 
In particular, database systems may be unable to store, 
index, and analyze large amounts of streaming data effi 
ciently or in real time. 

SUMMARY 

Embodiments of the disclosure provide a method, system, 
and computer program product for processing data. The 
method, system, and computer program product receive two 
or more tuples to be processed by a plurality of processing 
elements operating on one or more computer processors. 
One embodiment provides a method for determining a 

fusion of two or more operators. The streams environment 
includes one or more computer processors. The streams 
environment includes a plurality of operators coupled with 
processing elements including a first processing element 
coupled with a first operator instructed with a first program 
ming instructions, and a second processing element coupled 
with a second operator instructed with a second program 
ming instructions. A workload of the first processing ele 
ment and a workload of the second processing element are 
measured. A first threshold of the workload of the first 
processing element, and second threshold of the workload of 
the second processing element are determined. The first 
programming instructions and the second programming 
instructions are compared to determine if the first operator 
and the second operator are susceptible to fusion. The first 
operator is de-coupled and fused to the second processing 
element, in response to determining the first threshold and 
the determination that the first operator and the second 
operator are susceptible to fusion. 

Another embodiment is directed toward a system for 
determining the fusion of a plurality of operators within a 
streaming environment. The system includes a memory, and 
a processor device communicatively coupled to the memory. 
The streams manager is configured to monitor the plurality 
of operators within the streams environment. The streams 
manager is configured to monitor the streams environment 
including a plurality of operators coupled with processing 
elements including a first processing element coupled with 
a first operator instructed with a first programming instruc 
tions, and a second processing element coupled with a 
second operator instructed with a second programming 
instructions. The streams manager is configured to measure 
a workload of the first processing element and a workload of 
the second processing element. The streams manager is 
configured to determine a first threshold of the workload of 
the first processing element, and second threshold of the 
workload of the second processing element are determined. 
The streams manager is configured to determine if the first 
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2 
operator and the second operator are susceptible to fusion by 
comparing the first programming instructions and the second 
programming instructions. The streams manager is config 
ured to de-couple and fuse the first operator to the second 
processing element, in response to determining the first 
threshold and the determination that the first operator and 
the second operator are Susceptible to fusion. 

Yet another embodiment is directed toward a computer 
program product for determining the fusion of a plurality of 
operators within a streaming environment. The computer 
program product is configured to monitor the plurality of 
operators within the streams environment. The computer 
program product is configured to monitor the streams envi 
ronment including a plurality of operators coupled with 
processing elements including a first processing element 
coupled with a first operator instructed with a first program 
ming instructions, and a second processing element coupled 
with a second operator instructed with a second program 
ming instructions. The computer program product is con 
figured measure a workload of the first processing element 
and a workload of the second processing element. The 
computer program product is configured to determine a first 
threshold of the workload of the first processing element, 
and second threshold of the workload of the second pro 
cessing element are determined. The computer program 
product is configured to determine if the first operator and 
the second operator are Susceptible to fusion by comparing 
the first programming instructions and the second program 
ming instructions. The computer program product is con 
figured to de-couple and fuse the first operator to the second 
processing element, in response to determining the first 
threshold and the determination that the first operator and 
the second operator are Susceptible to fusion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a computing infrastructure configured to 
execute a stream computing application, according to vari 
ous embodiments. 

FIG. 2 illustrates a more detailed view of a compute node 
of FIG. 1, according to various embodiments. 

FIG.3 illustrates a more detailed view of the management 
system of FIG. 1, according to various embodiments. 

FIG. 4 illustrates a more detailed view of the development 
system of FIG. 1, according to various embodiments. 

FIG. 5 illustrates an operator graph for a stream comput 
ing application, according to various embodiments. 

FIG. 6A illustrates an operator graph of plurality of 
processing elements within a streams environment, accord 
ing to various embodiments. 

FIG. 6B illustrates an operator graph where two process 
ing elements each with a plurality of operators have fused 
operators into one processing element containing the plu 
rality of operators, according to various embodiments. 

FIG. 7A illustrates an operator graph with three process 
ing elements including operators associated with the pro 
cessing elements, according to various embodiments. 

FIG. 7B illustrates an operator graph where two process 
ing elements have been fused by a distribution of operators, 
according to various embodiments. 

FIG. 8 illustrates a flowchart determining the fusion of a 
first operator and a second operator onto a single processing 
element, according to various embodiments. 

While the invention is amenable to various modifications 
and alternative forms, specifics thereof have been shown by 
way of example in the drawings and will be described in 
detail. It should be understood, however, that the intention is 
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not to limit the invention to the particular embodiments 
described. On the contrary, the intention is to cover all 
modifications, equivalents, and alternatives falling within 
the spirit and scope of the invention. 

DETAILED DESCRIPTION 

Aspects of the present disclosure relate to a streams 
environment, more particular aspects relate to runtime 
fusion of two or more operators. While the present disclo 
Sure is not necessarily limited to Such applications, various 
aspects of the disclosure may be appreciated through a 
discussion of various examples using this context. 

Stream-based computing and stream-based database com 
puting are emerging as a developing technology for database 
systems. Products are available that allow users to create 
applications that process and query streaming data before it 
reaches a database file. With this emerging technology, users 
may specify processing logic to apply to inbound data 
records while they are “in flight,” with the results available 
in a very short amount of time, often in fractions of a second. 
Constructing an application using this type of processing has 
opened up a new programming paradigm that will allow for 
development of a broad variety of innovative applications, 
systems, and processes, as well as present new challenges 
for application programmers and database developers. 

In a stream computing application, stream operators are 
connected to one another Such that data flows from one 
stream operator to the next (e.g., over a TCP/IP socket). 
When a stream operator receives data, it may perform 
operations, such as analysis logic, which may change the 
tuple by adding or subtracting attributes, or updating the 
values of existing attributes within the tuple. When the 
analysis logic is complete, a new tuple is then sent to the 
next stream operator. Scalability is achieved by distributing 
an application across nodes by creating executables (i.e., 
processing elements), as well as replicating processing ele 
ments on multiple nodes and load balancing among them. 
Stream operators in a stream computing application may be 
fused together to form a processing element that is execut 
able. Doing so allows processing elements to share a com 
mon process space, resulting in much faster communication 
between stream operators than is available using inter 
process communication techniques (e.g., using a TCP/IP 
Socket). Further, processing elements may be inserted or 
removed dynamically from an operator graph representing 
the flow of data through the stream computing application. 
A particular stream operator may not reside within the same 
operating system process as other stream operators. In 
addition, stream operators in the same operator graph may 
be hosted on different nodes, e.g., on different compute 
nodes or on different cores of a compute node. 
A compute node may include a computer processor. The 

computer processor may operate along with one or more 
other computer processors, forming a grouping. The group 
ing of two or more computer processors may be termed as 
a cluster, e.g., a server containing one or more computer 
processors, on which the streams environment operates. 

Data flows from one stream operator to another in the 
form of a “tuple.” A tuple is a sequence of one or more 
attributes associated with an entity. Attributes may be any of 
a variety of different types, e.g., integer, float, Boolean, 
string, etc. The attributes may be ordered. In addition to 
attributes associated with an entity, a tuple may include 
metadata, i.e., data about the tuple. A tuple may be extended 
by adding one or more additional attributes or metadata to it. 
As used herein, “stream” or "data stream” refers to a 
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4 
sequence of tuples. Generally, a stream may be considered 
a pseudo-infinite sequence of tuples. 

Tuples are received and output by stream operators and 
processing elements. An input tuple corresponding with a 
particular entity that is received by a stream operator or 
processing element, however, may be changed by the stream 
operator, even if the output tuple corresponds with the same 
entity or data as the input tuple. An output tuple need not be 
changed in Some way from the input tuple. 

Nonetheless, an output tuple may be changed in some way 
by a stream operator or processing element. An attribute or 
metadata may be added, deleted, or modified. For example, 
a tuple will often have two or more attributes. A stream 
operator or processing element may receive the tuple having 
multiple attributes and output a tuple corresponding with the 
input tuple. The stream operator or processing element may 
only change one of the attributes so that all of the attributes 
of the output tuple, except one, are the same as the attributes 
of the input tuple. 

Generally, a particular tuple output by a stream operator 
or processing element may not be considered to be the same 
tuple as a corresponding input tuple even if the input tuple 
is not changed by the processing element. However, the run 
environment of the present description and the claims, may 
include an output tuple that has the same data attributes or 
is associated with the same entity as a corresponding input 
tuple which will be referred to herein as the same tuple 
unless the context or an express statement indicates other 
wise. 

Streams environments may include a distributed program 
ming paradigm where an application may be split up into 
pieces. The pieces of the application may be distributed 
across a series of processing elements. The series of pro 
cessing elements may run on one or more computer proces 
sors within a cluster of the streams environment. The 
processing elements may be connected together by sending 
streams of data or tuples into and out of an initial processing 
element to a Subsequent processing element. The stream 
may include a series of tuples each of which may have 
attributes. The tuples may enter the processing elements one 
tuple at a time. Contracts may exist between processing 
elements to which processing elements who sends the tuples 
and which processing elements receive tuples. The stream of 
tuples may be introduced continuously, (i.e. never ending) 
the processes main thread code may include a call back 
routine that executes when tuples arrive at any of the 
incoming ports. 
The processing elements of the streams environment may 

include a plurality of operators configured to perform vari 
ous tasks upon the tuples. The plurality of operators may be 
grouped together to form a processing element that performs 
the task as a whole using the plurality of operators. Alone, 
an operator may perform a single task upon a tuple, whereas 
if the operators are grouped together, multiple tasks may be 
completed by a single processing element in tandem. For 
example, two operators may operate within a single pro 
cessing element. The two operators may perform two tasks 
or operations upon the tuple simultaneously while the tuple 
is within the single processing element. 

Operator graphs may include one or more processing 
elements aligned to perform a function upon one or more 
tuples as the tuples pass through the stream environment. 
Operator graphs may be basic or complex. Basic operator 
graphs may include a few operators configured to perform a 
simple task. For example, a basic operator graph may 
include three processing elements. The three processing 
elements may include a source, a functor, and a sink. The 
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Source may input tuples into the stream, the functor may 
perform an operation upon the tuples sent from the source, 
and the sink may output the tuples from the stream. The 
Source may read external data from a file or socket using a 
uniform resource identifier (URI). For example, the source 
may read external data from a first disk and pass the data in 
a form of tuples read from the disk to the functor. The 
functor may perform a manipulation or transformation 
operation, where an attribute of a tuple may be changed. The 
functor may be a processing element. The processing ele 
ment may perform an operation upon the tuple, described 
further herein. The sink may intake the tuple, write the tuple, 
and externalize the tuple onto a desired output formant. For 
example, the sink may write the tuple to a disk, the tuple may 
include the data transformed by the functor. The data can be 
externalized and displayed on a graphical user interface 
(GUI) observable by an end user. 

Operator graphs may also be complex. Complex operator 
graphs may include one or more processing elements, oper 
ating on one or more tuples, within the streams environment. 
For example, the operator graph may include a split opera 
tor. The split operator may copy the tuples to run the split 
tuples in tandem within separate processing elements. For 
example, a first tuple is split into a first tuple and a copy of 
the first tuple. The first tuple may enter a first set of one or 
more processing elements within the operator graph, and the 
copy of the first tuple may enter a second set of one or more 
processing elements within the operator graph. The first set 
of one or more processing elements may perform a first set 
of operations upon the first tuple, while the second set of one 
or more processing elements may perform a second set of 
operations upon the copy of the first tuple. 

Each operator may turn into a processing element and 
include a separate process compared to other operators. 
Having each operator operate upon individual processing 
elements may spread out the workload, using one or more 
computer processors, within the streams environment. The 
one or more computer processors may operate within a 
cluster of computer processors that are configured to run the 
streams environment. The processing elements including a 
single operator may not utilize available processing power 
within the computer processor depending upon the operator 
and the computer processor utilized by the operator. To 
increase the efficiency of the processing power available 
within the cluster of computer processors, operators may be 
fused alongside other operators within a single processing 
element. 

Operators may include code that instructs the operators to 
perform actions upon tuples as they pass though the opera 
tors. The code may be written using a particular program 
ming language to create program instructions for the opera 
tors. The operators may be combined into processing 
elements that use the computers processors of the streams 
environment to perform the operations upon the tuples. One 
or more operators may be programmed or grouped to a 
single processing element, causing a single processing ele 
ment to be able to perform multiple tasks or operations. To 
process the tuples, the one or more processing elements 
require processing power of the one or more computer 
processors of the cluster. If the one or more operators do not 
require all of the processing power available from a com 
puter processor, then additional operators may be fused to 
the processing element. Fusing an additional operator to a 
processing element may better utilize the processing power 
of the computer processor. 

In various embodiments, the programming instructions of 
the operator may also include instructions on fusion. The 
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6 
fusion instructions may include a determination if an opera 
tor is susceptible to fusion. Fusion Susceptibility may 
include whether or not the operator may fuse within any 
other operator, which one or more operators the operator 
may fuse, or which one or more operators the operator may 
not fuse. The instructions for fusion will be described further 
herein. In determining if the fusion of two operators may be 
possible, a fusion manager may use the programming 
instructions to determine if the two operators a susceptible 
to fusion used interchangeably with susceptibility to fusion 
further herein. For example, the fusion manager may com 
pare a fusion compatibility of a first operator and a second 
operator. Programming instructions of the first operator and 
Programming instructions of the second operator may be 
compared as a fusion compatibility. If the programming 
instructions of the first operator and the programming 
instructions of the second operator are compatible, then the 
first operator and the second operator may be fused together 
on a processing element. 

In various embodiments, the fusion of two or more 
operators may be determined by a class (i.e. type) of the 
operators. The class of the operator may be included within 
the programming instructions of the operators. If two opera 
tors are the same class, then they may be fused. A first 
operator with a first class may be able to fuse with a second 
operator with the first class. The class of the programming 
instructions may include sorting the types of operators into 
groups that preform a similar function. For example, two 
filter operators may be the same class because they both 
preform a filtering operation. The two filter operators may be 
fused together because they are the same operator class. 
The streams environment including the operator graph 

may also include a fusion manager. The fusion manager may 
fuse together two or more operators included within two or 
more processing elements into a single processing element. 
The fusion manager may be a streams profiler that monitors 
the workload of the processing elements within the stream. 
The fusion manager may also be communicatively coupled 
with a streams manager that performs various functions on 
the streams environment. For example, the single processing 
element may include a single executable or deployable piece 
of code. The single executable may take up the single 
processing element. The reduction of the two or more 
processing elements running may increase the performance 
of the streams environment. The performance perspective 
may include the processing power of the one or more 
computer processors within the cluster. For example, reduc 
ing the number of processing elements may reduce the 
number of computer processors that are used to send data in 
and out of the processing elements. The one or more 
processing elements may communicate over transmission 
control protocol/internet protocol (TCP/IP) by ordering 
attributes from one processing element to another. If the one 
or more operators are fused then the communications 
between the operators may be similar to a “function call in 
computer programming. 

Fusion information may be located within sections of the 
programming instructions or code. The programming 
instructions may be used by the fusion manager to determine 
fusion points. The fusion of the operators may be determined 
by the fusion manager and may be used to determine an 
increase or decrease in efficiency of the stream by fusing a 
plurality of operators. However, performing the determina 
tion during compile time may include limitations. An 
example of a limitation may include, without doing runtime 
analysis, the fusion manager may have a decreased under 
standing of the location of the operators within the process 
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ing elements within the stream. Whereas if the determination 
of the fusion points is performed during run time, may allow 
the fusion manager to locate the operators within the pro 
cessing elements, and monitor the current efficiency of the 
processing elements. 

Although the combination of multiple operators within a 
single processing element may decrease the amount of 
computer processors of the cluster needed to operate the 
streams environment, loading all of the operators onto a 
single processing element may overload the computer pro 
cessors. To prevent a computer processor from becoming 
overloaded, the operators may be balanced. To determine if 
a computer processor is overloaded, an upper threshold may 
be used. For example, if five operators exist within the 
operator graph each of the five operators may contain 
various tasks. Of the five operators, operators that are 
similarly tasked may be grouped upon a single processing 
element, and operators that are specifically tasked may 
remain on their own processing element. In an example, 
three of the five operators are similarly tasked and two of the 
operators are specifically tasked. If the first operator, the 
third operator, and the fourth operator are similarly tasked 
and able to be grouped, then they may be grouped onto the 
first processing element as long as first processing element 
does not require too much processing power. The second 
operator may be placed on a second processing element, and 
the fifth operator may be placed upon a third processing 
element. A maximum throughput or speed of processing of 
the data stream may be determined by how much processing 
power the processing element requires, or how efficiently the 
operators are distributed upon the processing elements. 
A limitation of fusing a plurality of operators may include 

too many operators of a processing element running on a 
single computer processor. To prevent a computer processor 
from being overloaded, a streams manager may monitor the 
stream in real time. The streams manager may communicate 
with the fusion manager. The fusion manager may analyze 
the code of the operators as the operators perform operations 
upon the tuples. The fusion manager may also fuse operators 
from a first processing element to a second processing 
element to reduce the overall number of processes running 
on a given computer processor without changing an end 
result of the stream. By reducing the amount of processing 
elements, more jobs may executed on a single computer 
processor without overburdening the system. 
The streams manager may perform a runtime analysis of 

the current operations running within the streams environ 
ment. The runtime analysis may include monitoring the 
plurality of operators of a processing element. The operators 
may perform operations upon tuples within the streams 
environment. The streams manager may use information 
gathered by monitoring the processing element to determine 
if fusion of an operator with the plurality of operators of the 
processing element may be done. 

To prevent the computer processors from being over 
loaded or underloaded, a plurality of operators may be fused 
or transferred from a first processing element to a second 
processing element. Code or programming instructions 
within the operators may be used to determine which 
operators may be fused together within the same processing 
element. A way to increase the efficiency of the operator 
graph may include reducing the amount of processing ele 
ments within the stream, which may decrease the amount of 
transfers from a processing element to another processing 
element. For example, one data stream has ten processing 
elements with one hundred operators, and another stream 
has five processing elements with the same one hundred 
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8 
operators. The stream with five processing elements may 
have a shorter processing time of the stream because of the 
reduction of the number of transfers from processing ele 
ment to processing element. 
To prevent a computer processor from being overloaded 

or underloaded, thresholds may be incorporated. An upper 
threshold may be placed upon a workload of a processing 
element to prevent the computer processor running the 
processing element from being overloaded. For example, 
more than one operators may be operating upon a first 
processing element. If the combined workload of the plu 
rality of operators within the processing element reaches the 
upper threshold, then the processing element may be over 
loaded. A lower threshold may be placed upon the workload 
of the processing element to prevent the computer processor 
running the processing element from being underloaded. For 
example, more than one operators may be operating upon a 
first processing element. If the combined workload of the 
plurality of operators within the processing element reaches 
the lower threshold, then the processing element may be 
underloaded. Thresholds relating to the workload of pro 
cessing elements will be described further herein. 
The workload may contain runtime statistics of the pro 

cessing element. Runtime statistics may include the work 
loads of the operators within the processing element. Run 
time statistics may be used to display the workload to the 
operators, and be stored as historical information. The 
historical information may include the previous operations 
the processing element performed. The historical informa 
tion may include the previous fusion of the operators within 
the processing element. For example, the runtime statistics 
can be stored of a first processing element. The first pro 
cessing element may contain a first operator and a second 
operator that were fused. The first processing element may 
include the historical information of the first operator and 
the second operator. The workload of the first operator and 
the workload of the second operator can be combined and 
future workloads of the first operator and second operator 
can be recorded. 
The applications running within the streams environment 

may be monitored to determine if one or more operators may 
be fused together. To determine if the one or more operators 
may be fused, throughput times may be used. The through 
put times may include the movement of tuples throughout 
the streams environment. If an operator is slowing down a 
processing time of a processing element, then the operator 
may be placed elsewhere within the streams environment. 
For example, if first operator is slowing down the processing 
time of a first processing element the first operator may be 
de-coupled from the first processing element. The first 
operator may then be fused with a second processing ele 
ment, or the first operator may be made into a singular 
second processing element, where the singular second pro 
cessing element only contains the first operator. 

In various embodiments, the fusion manager may monitor 
processing elements after fusion. The fusion manager may 
monitor the one or more processing elements that were 
involved in the fusion and determine if the fusion was 
Successful or unsuccessful. A Successful fusion could 
include completing the intended result based on the reason 
for originally fusing the one or more operators. For example, 
a first operator may be fused to a second processing element 
because the workload of the first processing element origi 
nally containing the first operator was overloaded. If the 
fusion of the first operator to the second processing element 
decreased the workload of the first processing element, then 
the fusion may be deemed Successful. An unsuccessful 
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fusion could include not completing the intended result 
based on the reason for originally fusing the one or more 
operators. For example, a first operator may be fused to a 
second processing element because the workload of the first 
processing element originally containing the first operator 
was overloaded. If the fusion of the first operator to the 
second processing element increased the workload of the 
first processing element, then the fusion may be deemed 
unsuccessful. 

In various embodiments, the fusion manager may store 
history of previous runs on the application of the streams 
environment. The history of previous runs may include the 
workloads of one or more operators within the operator 
graph of the streams environment. The workloads of the 
plurality of operators may be gathered by the processing 
element within the streams environment and displayed upon 
a GUI. The history of the workloads of the plurality of 
operators may be used to determine fusion points of the 
plurality of operators within one or more processing ele 
ments. The history of the workloads may be used by the 
fusion manager or an end user to determine fusion points of 
the operators. 

In various embodiments, the fusion of one or more 
operators may be used to decrease the overall workload of 
the stream environment. The fusion of the one or more 
operators may free up computer processor space within the 
cluster of the streams environment. If one or more operators 
are fused onto a single processing element the amount of 
computer processors being operated upon by the streams 
environment may be decreased, reducing the required pro 
cessing power of the stream. For example, a first processing 
element and a second processing element each running on a 
separate computer processor are fused. The first processing 
element leaves a first computer processor the first processing 
element is running on, and fuses with the second processing 
element on a second computer processor. The first computer 
processor may no longer be running a processing element. 

In various embodiments, the fusion one or more operators 
may be used to decrease the workload of a single processing 
element. The fusion of one or more operators of two 
different processing elements may decrease the workload of 
at least one of the processing elements. Processing elements 
requiring more processing power than others may be con 
sidered overloaded when compared to other processing 
elements. For example, a first processing element may 
require an increased amount or more processing power when 
compared to a second processing element. The first process 
ing element may contain one or more operators that are able 
to be transferred to the second processing element. The one 
or more operators may be transferred from the first process 
ing element to the second processing element. After decreas 
ing the amount of operators within the first processing 
element, the first processing element may require less pro 
cessing power than previously. 

In various embodiments, the fusion one or more operators 
may be used to increase the workload of a single processing 
element. The fusion of operators of two processing elements 
may increase the workload of one of the processing ele 
ments. Processing elements requiring less processing power 
than others may be considered underloaded when compared 
to other processing elements. For example, a first processing 
element may require a decreased amount of processing 
power compared to a second processing element. If the first 
processing element contains one or more operators that 
contain the programming instructions to be transferred to the 
second processing element, then the one or more operators 
may be transferred from the first processing element to the 
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second processing element. After increasing the amount of 
operators within the second processing element, the second 
processing element may require more processing power than 
originally. 

In various embodiments, an operator within a processing 
element may be configured to not fuse with another operator 
and the configuration of the operator may not allow a 
Subsequent operator to perform an action alongside the 
operator. For example, a split operator operating as a pro 
cessing element may not fuse with another operator unless 
the split processing element is programmed to do so. 
Because the split processing element may be configured to 
split a single tuple into two tuples, the operators required to 
perform the split operation may be within the split process 
ing element. If the split processing element was coded to 
fuse with operators containing a certain programming 
instructions, then unless an operator has the certain pro 
gramming instructions, the split processing element may not 
join with the operator. 

FIG. 1 illustrates one exemplary computing infrastructure 
100 that may be configured to execute a stream computing 
application, according to some embodiments. The comput 
ing infrastructure 100 includes a management system 105 
and two or more compute nodes 110A 110D i.e., hosts— 
which are communicatively coupled to each other using one 
or more communications networks 120. The communica 
tions network 120 may include one or more servers, net 
works, or databases, and may use a particular communica 
tion protocol to transfer data between the compute nodes 
110A-110D. A development system 102 may be communi 
catively coupled with the management system 105 and the 
compute nodes 110 either directly or via the communica 
tions network 120. 
The management system may include an operator graph 

132, a stream manager 134, and a fusion manager 140. The 
operator graph 132 may include the instructions of the 
ordering of a plurality of processing elements of the streams 
environment. The operator graph 132 may order the plurality 
of processing elements based on the function of the streams 
environment. The stream manager 134 may include instruc 
tions to monitor functions of the streams environment. The 
stream manager 134 may collect information of tuples, 
operators, and processing elements of the streams environ 
ment. The stream manager 134 may determine operations to 
be performed on the operator graph depending on the 
collected information. The fusion manager 140 may collect 
information of tuples, operators, and processing elements of 
the streams environment. The fusion manager 140 may fuse 
operators within the streams environment. The fusion of 
operators may include removing operators from processing 
elements, and fusing the operators to other processing ele 
ments based on the collected information. 
The communications network 120 may include a variety 

of types of physical communication channels or “links.” The 
links may be wired, wireless, optical, or any other Suitable 
media. In addition, the communications network 120 may 
include a variety of network hardware and software for 
performing routing, Switching, and other functions, such as 
routers, Switches, or bridges. The communications network 
120 may be dedicated for use by a stream computing 
application or shared with other applications and users. The 
communications network 120 may be any size. For example, 
the communications network 120 may include a single local 
area network or a wide area network spanning a large 
geographical area, Such as the Internet. The links may 
provide different levels of bandwidth or capacity to transfer 
data at a particular rate. The bandwidth that a particular link 
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provides may vary depending on a variety of factors, includ 
ing the type of communication media and whether particular 
network hardware or software is functioning correctly or at 
full capacity. In addition, the bandwidth that a particular link 
provides to a stream computing application may vary if the 
link is shared with other applications and/or users. The 
available bandwidth may vary depending on the load placed 
on the link by the other applications and users. The band 
width that a particular link provides may also vary depend 
ing on a temporal factor. Such as time of day, day of week, 
day of month, or season. 

FIG. 2 is a more detailed view of a compute node 110, 
which may be the same as one of the compute nodes 
110A-110D of FIG. 1, according to various embodiments. 
The compute node 110 may include, without limitation, one 
or more processors (CPUs) 205, a network interface 215, an 
interconnect 220, a memory 225, and a storage 230. The 
compute node 110 may also include an I/O device interface 
210 used to connect I/O devices 212, e.g., keyboard, display, 
stylus, touchscreen, and mouse devices, to the compute node 
110. 

Each CPU 205 retrieves and executes programming 
instructions stored in the memory 225 or storage 230. 
Similarly, the CPU 205 stores and retrieves application data 
residing in the memory 225. The interconnect 220 is used to 
transmit programming instructions and application data 
between each CPU 205, I/O device interface 210, storage 
230, network interface 215, and memory 225. The intercon 
nect 220 may include one or more busses. The CPUs 205 
may be a single CPU, multiple CPUs, or a single CPU 
having multiple processing cores, in various embodiments. 
In one embodiment, a processor 205 may be a digital signal 
processor (DSP). One or more processing elements 235 
(described herein) may be stored in the memory 225. A 
processing element 235 may include one or more stream 
operators 240 (described herein). In one embodiment, a 
processing element 235 is assigned to be executed by only 
one CPU 205, although in other embodiments the stream 
operators 240 of a processing element 235 may include one 
or more threads that are executed on two or more CPUs 205. 
The memory 225 is generally included to be representative 
of a random access memory (RAM), e.g., Static Random 
Access Memory (SRAM), Dynamic Random Access 
Memory (DRAM), or Flash. The storage 230 is generally 
included to be representative of a non-volatile memory, Such 
as a hard disk drive, solid state device (SSD), or removable 
memory cards, optical storage, flash memory devices, net 
work attached storage (NAS), or connections to storage area 
network (SAN) devices, or other devices that may store 
non-volatile data. The network interface 215 is configured to 
transmit data via the communications network 120, accord 
ing to various embodiments. 
A stream computing application may include one or more 

stream operators 240 that may be compiled into a “process 
ing element container 235. The memory 225 may include 
two or more processing elements 235, with each processing 
element having one or more stream operators 240. Each 
stream operator 240 may include a portion of code that 
processes tuples flowing into a processing element. The 
stream operators can then output the tuples to other stream 
operators 240 in the same processing element, in other 
processing elements, or in both the same and other process 
ing elements in a stream computing application. Processing 
elements 235 may pass tuples to other processing elements 
that are on the same compute node 110 or on other compute 
nodes that are accessible via communications network 120. 
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For example, a processing element 235 on compute node 
110A may output tuples to a processing element 235 on 
compute node 110B. 
The storage 230 may include a buffer 260. Although 

shown as being in storage, the buffer 260 may be located in 
the memory 225 of the compute node 110 or in a combina 
tion of both memories. Moreover, storage 230 may include 
storage space that is external to the compute node 110. Such 
as in a cloud. 
The compute node 110 may include one or more operating 

systems 262. An operating system 262 may be stored 
partially in memory 225 and partially in storage 230. Alter 
natively, an operating system may be stored entirely in 
memory 225 or entirely in storage 230. The operating 
system provides an interface between various hardware 
resources, including the CPU 205, and processing elements 
and other components of the stream computing application. 
In addition, an operating system provides common services 
for application programs, such as providing a time function. 

FIG. 3 is a more detailed view of the management system 
105 of FIG. 1 according to some embodiments. The man 
agement system 105 may include, without limitation, one or 
more processors (CPUs) 305, a network interface 315, an 
interconnect 320, a memory 325, and a storage 330. The 
management system 105 may also include an I/O device 
interface 310 connecting I/O devices 312, e.g., keyboard, 
display, stylus, touchscreen, and mouse devices, to the 
management system 105. 

Each CPU 305 retrieves and executes programming 
instructions stored in the memory 325 or storage 330. 
Similarly, each CPU 305 stores and retrieves application 
data residing in the memory 325 or storage 330. The 
interconnect 320 is used to move data, Such as programming 
instructions and application data, between the CPU 305, I/O 
device interface 310, storage unit 330, network interface 
315, and memory 325. The interconnect 320 may be one or 
more busses. The CPUs 305 may be a single CPU, multiple 
CPUs, or a single CPU having multiple processing cores in 
various embodiments. In one embodiment, a processor 305 
may be a DSP Memory 325 is generally included to be 
representative of a RAM, e.g., SRAM, DRAM, or Flash. 
The storage 330 is generally included to be representative of 
a non-volatile memory, Such as a hard disk drive, Solid state 
device (SSD), removable memory cards, optical storage, 
Flash memory devices, NAS, connections to storage area 
network (SAN) devices, or the cloud. The network interface 
315 is configured to transmit data via the communications 
network 120. 
The memory 325 may store a stream manager 134. The 

stream manager 134 may monitor one or more operators 
operating within the streams environment. The memory 325 
may store a fusion manager 140. The fusion manager 140 
may monitor the workloads of the operators within the 
streams environment. The operators can be combined into 
processing elements, which may accept tuples, and allow the 
operators to perform operations on the tuples. The fusion 
manager 140 may determine if operators can be fused to 
combine one or more operators into a processing element. 
Additionally, the storage 330 may store an operator graph 
132. The operator graph 132 may define how tuples are 
routed to processing elements 235 (FIG. 2) for processing. 
The management system 105 may include one or more 

operating systems 332. An operating system 332 may be 
stored partially in memory 325 and partially in storage 330. 
Alternatively, an operating system may be stored entirely in 
memory 325 or entirely in storage 330. The operating 
system provides an interface between various hardware 



US 9,665,406 B2 
13 

resources, including the CPU 305, and processing elements 
and other components of the stream computing application. 
In addition, an operating system provides common services 
for application programs, such as providing a time function. 

FIG. 4 is a more detailed view of the development system 
102 of FIG. 1 according to some embodiments. The devel 
opment system 102 may include, without limitation, one or 
more processors (CPUs) 405, a network interface 415, an 
interconnect 420, a memory 425, and storage 430. The 
development system 102 may also include an I/O device 
interface 410 connecting I/O devices 412, e.g., keyboard, 
display, stylus, touchscreen, and mouse devices, to the 
development system 102. 

Each CPU 405 retrieves and executes programming 
instructions stored in the memory 425 or storage 430. 
Similarly, each CPU 405 stores and retrieves application 
data residing in the memory 425 or storage 430. The 
interconnect 420 is used to move data, Such as programming 
instructions and application data, between the CPU 405, I/O 
device interface 410, storage unit 430, network interface 
415, and memory 425. The interconnect 420 may be one or 
more busses. The CPUs 405 may be a single CPU, multiple 
CPUs, or a single CPU having multiple processing cores in 
various embodiments. In one embodiment, a processor 405 
may be a DSP Memory 425 is generally included to be 
representative of a RAM, e.g., SRAM, DRAM, or Flash. 
The storage 430 is generally included to be representative of 
a non-volatile memory, such as a hard disk drive, Solid state 
device (SSD), removable memory cards, optical storage, 
flash memory devices, network attached storage (NAS), 
connections to storage area-network (SAN) devices, or to 
the cloud. The network interface 415 is configured to 
transmit data via the communications network 120. 

The development system 102 may include one or more 
operating systems 432. An operating system 432 may be 
stored partially in memory 425 and partially in storage 430. 
Alternatively, an operating system may be stored entirely in 
memory 425 or entirely in storage 430. The operating 
system provides an interface between various hardware 
resources, including the CPU 405, and processing elements 
and other components of the stream computing application. 
In addition, an operating system provides common services 
for application programs, such as providing a time function. 
The memory 425 may store a compiler 136. The compiler 

136 compiles modules, which include source code or state 
ments, into the object code, which includes machine instruc 
tions that execute on a processor. In one embodiment, the 
compiler 136 may translate the modules into an intermediate 
form before translating the intermediate form into object 
code. The compiler 136 may output a set of deployable 
artifacts that may include a set of processing elements and 
an application description language file (ADL file), which is 
a configuration file that describes the stream computing 
application. In some embodiments, the compiler 136 may be 
a just-in-time compiler that executes as part of an interpreter. 
In other embodiments, the compiler 136 may be an opti 
mizing compiler. In various embodiments, the compiler 136 
may perform peephole optimizations, local optimizations, 
loop optimizations, inter-procedural or whole-program opti 
mizations, machine code optimizations, or any other opti 
mizations that reduce the amount of time required to execute 
the object code, to reduce the amount of memory required to 
execute the object code, or both. The output of the compiler 
136 may be represented by an operator graph, e.g., the 
operator graph 132. 
The compiler 136 may also provide the application 

administrator with the ability to optimize performance 
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through profile-driven fusion optimization. Fusing operators 
may improve performance by reducing the number of calls 
to a transport. While fusing stream operators may provide 
faster communication between operators than is available 
using inter-process communication techniques, any decision 
to fuse operators may balance the benefits of distributing 
processing across multiple compute nodes with the benefit 
of faster inter-operator communications. The compiler 136 
may automate the fusion process to determine how to best 
fuse the operators to be hosted by one or more processing 
elements, while respecting user-specified constraints. This 
may be a two-step process, including compiling the appli 
cation in a profiling mode and running the application, then 
re-compiling and using the optimizer during this Subsequent 
compilation. The end result may, however, be a compiler 
Supplied deployable application with an optimized applica 
tion configuration. 

FIG. 5 illustrates an operator graph 532 for a stream 
computing application beginning from a source 502 through 
to one or more sinks 504, 506, according to some embodi 
ments. This flow from source 502 to the one or more sinks 
may also be generally referred to herein as an execution 
path. In addition, a flow from one processing element to 
another may be referred to as an execution path in various 
contexts. Although FIG. 5 is abstracted to show connected 
processing elements PE1-PE10, the operator graph 532 may 
include data flows between stream operators 240 (FIG. 2) 
within the same or different processing elements. Typically, 
processing elements, such as processing element 235 (FIG. 
2), receive tuples from the stream as well as output tuples 
into the stream (except for a sink where the stream termi 
nates, or a source 502 where the stream begins). While the 
operator graph 532 includes a relatively small number of 
components, an operator graph 532 may be much more 
complex and may include many individual operator graphs 
that may be statically or dynamically linked together. 
The example operator graph 532 may be managed by a 

management system 505. The management system 505 may 
include a stream manager 534, and a fusion manager 540. 
The stream manager 534 may perform functions on the 
stream environment. Functions that the stream manager 534 
performs may include monitoring, recording, altering, and 
other various functions on the streams environment and the 
tuples. The stream manager 534 may function along with or 
be commutatively coupled to the fusion manager 540. The 
fusion manager 540 may perform functions on the process 
ing elements and the operators within the operator graph 
532. The fusion manager may monitor the streams environ 
ment, measure a workload of the operators and the process 
ing elements, determine thresholds of the workload, deter 
mine fusion compatibilities of operators, and fuse operators 
together on a processing element. 
The example operator graph 532 shown in FIG. 5 includes 

ten processing elements (labeled as PE1-PE10) running on 
the compute nodes 110A-110D. A processing element may 
include one or more stream operators fused together to form 
an independently running process with its own process ID 
(PID) and memory space. In cases where two (or more) 
processing elements are running independently, inter-pro 
cess communication may occur using a “transport.” e.g., a 
network socket, a TCP/IP socket, or shared memory. Inter 
process communication paths used for inter-process com 
munications may be a critical resource in a stream comput 
ing application. However, when stream operators are fused 
together, the fused stream operators may use more rapid 
communication techniques for passing tuples among stream 
operators in each processing element. 
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The operator graph 532 begins at a source 502 and ends 
at a sink 504, 506. Compute node 110A includes the pro 
cessing elements PE1, PE2, and PE3. Source 502 flows into 
the processing element PE1, which in turn outputs tuples 
that are received by PE2 and PE3. For example, PE1 may 
split data attributes received in a tuple and pass some data 
attributes in a new tuple to PE2, while passing other data 
attributes in another new tuple to PE3. As a second example, 
PE1 may pass some received tuples to PE2 while passing 
other tuples to PE3. Tuples that flow to PE2 are processed 
by the stream operators contained in PE2, and the resulting 
tuples are then output to PE4 on compute node 110B. 
Likewise, the tuples output by PE4 flow to operator sink PE6 
504. Similarly, tuples flowing from PE3 to PE5 also reach 
the operators in sink PE6504. Thus, in addition to being a 
sink for this example operator graph 532, PE6 could be 
configured to perform a join operation, combining tuples 
received from PE4 and PE5. This example operator graph 
532 also shows tuples flowing from PE3 to PE7 on compute 
node 110C, which itself shows tuples flowing to PE8 and 
looping back to PE7. Tuples output from PE8 flow to PE9 
on compute node 110D, which in turn outputs tuples to be 
processed by operators in a sink processing element, for 
example PE10506. 

Processing elements 235 (FIG. 2) may be configured to 
receive or output tuples in various formats, e.g., the pro 
cessing elements or stream operators could exchange data 
marked up as XML documents. Furthermore, each stream 
operator 240 within a processing element 235 may be 
configured to carry out any form of data processing func 
tions on received tuples, including, for example, writing to 
database tables or performing other database operations such 
as data joins, splits, reads, etc., as well as performing other 
data analytic functions or operations. 
The stream manager 534 of FIG. 1 may be configured to 

monitor a stream computing application running on compute 
nodes, e.g., compute nodes 110A-110D, as well as to change 
the deployment of an operator graph 532. The stream 
manager 134 may move processing elements from one 
compute node 110 to another, for example, to manage the 
processing loads of the compute nodes 110A-110D in the 
computing infrastructure 100. Further, stream manager 134 
may control the stream computing application by inserting, 
removing, fusing, un-fusing, or otherwise modifying the 
processing elements and stream operators (or what tuples 
flow to the processing elements) running on the compute 
nodes 110A-110D. 

Because a processing element may be a collection of 
fused stream operators, it is equally correct to describe the 
operator graph as one or more execution paths between 
specific stream operators. The processing elements may 
include one or more stream operators operating within the 
processing element. The processing elements may include 
execution paths to different stream operators within the same 
processing element. According to FIG. 5, an embodiment 
illustrates execution paths between processing elements for 
the sake of clarity. 

FIGS. 6A and 6B illustrate the fusion of two processing 
elements into a single processing element. A streams envi 
ronment operates as tuples move within an operator graph 
situated to perform a series of operations. The series of 
operations may be combined to form an application based 
upon the use of the streams environment. The fusion of the 
two processing elements may be determined by the pro 
gramming instructions within the code of the operators. 

In FIG. 6A a streams environment of one or more opera 
tors is illustrated. The streams environment may include one 
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or more operators that may include a source 610, and sink 
612. Between the source 610 and the sink 612, one or more 
processing elements are ordered including a first processing 
element (PE1) 631, a second processing element (PE2) 632, 
a third processing element (PE3) 633, a fourth processing 
element (PE4) 634, and a fifth processing element (PE5) 
635. The five processing elements may include one or more 
operators performing operations upon a stream of tuples 
passing though the operator graph from the Source 610 to the 
sink 612. 
A fusion manager 650 may be used to determine if one of 

the five processing elements may be fused. For a processing 
element to be fused with another processing element the 
programming instructions, of each of the one or more 
operators within each of the two or more processing ele 
ments, may include the language allowing the processing 
elements to be fused. For example, if the programming 
instructions of the one or more operators within the PE3 633 
and the one or more operators within the PE4 634 contain 
the programming instructions to be fused, then the PE3 and 
PE4 may be fused. 

In FIG. 6B, a streams environment of a plurality of 
operators is illustrated after fusion of the plurality of opera 
tors of two processing elements. The fusion manager 650 
fused the two processing elements PE3 and the PE4 (FIG. 
6A) into a single sixth processing element (PE6) 636. The 
fusion of the PE3 and the PE4 into PE6 636 may include 
taking the plurality of operators of PE3 and the plurality of 
operators of PE4 and combining the operators into a single 
processing element the PE6 636. The other three processing 
elements the PE1631, the PE2 632, and the PE5 635 may 
remain the same after combining the PE3 and the PE4. For 
example, the PE3 may contain three operators and the PE4 
may contain two operators. The programming instructions 
of the three operators of the PE3 and the two operators of 
PE4 may include language instructing the fusion manager 
650 to which operators the monitored operator may fuse. If 
all three of the operators within the PE3 may fuse with the 
two operators of the PE4, then the operators may fuse to 
create the PE6 636 with five operators. 

In various embodiments, the five operators of the PE6 636 
may be later determined to overload the PE6 and a plurality 
of the operators five operators may need to be fused with 
another processing element. The plurality of operators of the 
five operators can be distributed and fused to another 
processing element within the operator graph. If one opera 
tor of the five operators within PE6 636 needs to be 
distributed and fused with another processing element, the 
operator can be compared to all of the operators within the 
PE1 631, PE2 632, and PE5 635. If more than one of the 
processing elements are able to fuse with the operator, then 
the optimal processing element is selected by the fusion 
manager 650. For example, if PE1631 and PE5 635 are able 
to accept the operator from PE6 636, then the fusion 
manager 650 may select the optimal processing element. 
The optimal processing element may include a processing 
element with the higher available processing power, or a 
processing element that has a similar operator to the operator 
to be fused. The fusion manager 650 may fuse the operator 
to the PE5 635 upon the determination that the PE5 is the 
optimal processing unit when compared to PE1631. 

In various embodiments, the operators of the PE3 and the 
PE4 may be distributed between other operators instead of 
being combined together into PE6 636. The distribution of 
the operators within the PE3 and the PE4 may require the 
operators to be determined, by the fusion manager 650, if the 
operators can fuse with the other processing elements. If the 
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operators are able to fuse with a processing element within 
the operator graph, then the fusion manager 650 may fuse 
the operator to the processing element. If the operators are 
not able to fuse with another processing element within the 
operator graph, then the fusion manager 650 may create a 
new processing element for the operators. For example, the 
operators within the PE3 and the PE4 may include five 
operators. Of the five operators two of the operators may 
fuse with PE1631, one operator may fuse with PE5 635, and 
two of the operators may not be able to fuse with any of the 
processing elements. The two operators that were unable to 
fuse with PE1631, PE2632, and PE5 635 may fuse together 
to create a new sixth processing element PE6 636. 

In various embodiments, the workloads of the processing 
elements may be monitored by the fusion manager 650. The 
monitoring may include determining if the workload of the 
processing elements being overloaded or underloaded. If the 
workload of one of the processing elements within the 
operator graph are overloaded or underloaded, then the 
fusion manager 650 may distribute an operator from one of 
the processing elements to another. For example, if the 
workload of a PE1 631 is overloaded, then the fusion 
manager 650 may distribute plurality of operators from the 
PE1 631 to another processing element. The plurality of 
operators to be distributed can be determined by the fusion 
manager 650 based on the programming instructions of the 
plurality of operators. The plurality of operators to be 
distributed can be determined by the fusion manager 650 by 
the workload associated with that operator within the PE1 
631. The fusion manager 650 may select the plurality of 
operators to distribute to another processing element and 
fuse the plurality of operators with another processing 
element. For example, the processing element to be fused 
may be PE2632. The fusion manager 650 can de-couple the 
plurality of operators to be fused from PE1631, and fuse the 
plurality of operators with PE2. 

FIGS. 7A and 7B, illustrate the fusion of two processing 
elements by removing an operator from a processing ele 
ment and fusing the operator with another processing ele 
ment. A streams environment operates as tuples move within 
an operator graph situated to perform a series of operations. 
The series of operations may be combined to form an 
application based upon the use of the streams environment. 

In FIG. 7A, illustrated is three processing elements each 
with plurality of operators positioned between a source and 
a sink. The source 710 reads data from a first storage 
medium and sends the data in the form of tuples into the 
streams environment to be processed by the three processing 
elements within the operator graph. The sink 712 receives 
tuples that have been processed by the three processing 
elements and writes the tuples in the form of data onto a 
second storage medium. The three processing elements may 
include a first processing element (PE1) 731, a second 
processing element (PE2) 732, and a third processing ele 
ment (PE3) 733. A fusion manager 750 may monitor the 
three processing elements as tuples pass through the pro 
cessing elements from the source 710 to the sink 712. 
The three processing elements may include a plurality of 

operators that perform operations upon tuples as they pass 
through the processing element. The PE1731 includes two 
operators a first operator (OP1) 721, and a second operator 
(OP2) 722. The PE2 732 includes on operator a third 
operator (OP3) 723. The PE3 733 includes two operators a 
fourth operator (OP4) 724, and a fifth operator (OP5) 725. 
Each of the operators may perform an operation on each 
tuple entering the processing element. Once each of the 
plurality of operators performs an operation on the tuple 
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within the processing element, the tuple may move to the 
next processing element within the operator graph until the 
tuple reaches the sink 712. For example, the PE1731 may 
receive a tuple from the source. The PE1731 may contain 
OP1721 and OP2 722 performs their respective operations 
upon the tuple. The OP1 721 may perform an operation on 
the tuple, and then OP2 722 may perform an operation on the 
tuple. The OP2 722 may perform an operation on the tuple, 
and then OP1 721 may perform an operation on the tuple. 
The OP1 721 and OP2 722 may both perform operations 
upon the tuple simultaneously on the tuple. After both of the 
operations of OP1721 and OP2 722 are performed on the 
tuple, the PE1731 may send the tuple to PE2732 to perform 
operations upon the tuple. 
A fusion manager 750 may monitor the operator graph as 

the tuples pass through the processing elements including 
PE1731, the PE2732, and the PE3733. The fusion manager 
750 may monitor for the workloads of the processing 
elements and determine if the workloads of the processing 
elements are overloaded or underloaded. For example, the 
fusion manager 750 may determine that workload of the PE2 
732 containing OP3 723 is underloaded. The fusion manager 
750 may look at the programming instructions of other 
operators within the streams environment and determine 
which processing element the operator may fuse. The pro 
gramming instructions of OP3 723 can be compared to the 
programming instructions of the OP1721, the OP2 722, the 
OP4724, and the OP5725. If the OP3 723 is notable to fuse 
with the OP1721, or the OP2 722, then the OP3 may not be 
able to fuse with PE1731. If the OP3 723 is able to fuse with 
OP4724, and OP5725, then the OP3 may be fused with PE3 
733. 

In FIG. 7B, illustrated is a fusion of an operator from a 
second processing element to a third processing element. 
The second processing element (PE2) (FIG. 7A) has been 
de-coupled from the stream environment and the third 
operator (OP3) 723 that was contained within PE2 has been 
fused with a third processing element (PE3) 733. Now 
within the streams environment, according to an embodi 
ment, two processing elements are operating on tuples as 
they pass from the source 710 to the sink 712. 

After the OP3 723 has fused with the PE3 733, a fusion 
manager 750 may monitor the workload of the processing 
elements within the streams environment. After fusing an 
operator from a processing element with a new processing 
element the workload of both of the processing elements 
may change. For example, the PE3 733 has fused the OP3 
723 alongside the OP4 724 and the OP5725. The increase 
in the number of operators within the PE3 733 may increase 
the workload of PE3 when compared to before fusing the 
OP3 723 to the PE3. Since all of operators from the PE2 
were de-coupled and fused with PE3 733, PE2 may be 
removed from the operator graph, reducing the workload of 
PE2. The workload of PE2, when removed, may be zero, 
possibly removing the need for the computer processor to be 
running the PE2. When the computer processor running the 
PE2 is no longer needed, the computer processor may be 
used for another task. 

In various embodiments, the OP3 723 may fuse with 
either the PE1731 or the PE3 733. If both the PE1731 and 
the PE3 733 are able to fuse OP3 723, then the optimal 
processing element may be chosen to fuse with OP3. The 
optimal processing element may be determined by the fusion 
manager 750. The optimal processing element may be 
determined by comparing the workloads of the PE1731 and 
the PE3 733. The optimal processing element may also be 
determined based on the configuration of the operator graph. 
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The fusion manager 750 can determine, according to various 
embodiments, which processing element has a lower work 
load when compared to the other processing elements. For 
example, the PE3 732 may have a lower workload when 
compared to the PE1731 and OP3 723 may be fused with 
the PE3. The optimal processing element may be determined 
by which processing element has the most related operators. 
For example, if neither the OP1721 nor the OP2 722 of the 
PE1731 are related to the OP3 723, then OP3 may not fuse 
with PE1. If the OP4 724 of the PE3 733 is related to the 
OP3 723, then as long as the OP5725 of the PE3 733 is able 
to fuse alongside the OP3 723, then the OP3 may fuse with 
the PE3 733. 

In various embodiments, the fusion manager 750 may 
also monitor stored historical information of previous runs 
of the streams environment. When determining the fusion of 
an operator, the fusion manager 750 may need to decide 
between two or more other processing elements. The stored 
historical information may be used to determine with which 
processing element to fuse the operator. For example, the 
stored historical information may be used to determine if 
running two processing elements with similar operators may 
waste computational power. For example, if OP3 723 is 
similar to OP4724, then may be advantageous to fuse OP3 
with the PE3733 as long as the OP5725 is able to fuse with 
OP3. 

In FIG. 8 illustrated is a flowchart of the fusion of an 
operator from one processing element to another processing 
element. The operator may be transferred from a first 
processing element to a second processing element with a 
plurality of operators, and fused with the second processing 
element. For the operator to be fused with the second 
processing element, each of the plurality of operators within 
the second processing element may have to be able to fuse 
with the operator. For example, a first processing element 
may be coupled with a first operator, and a second process 
ing element be coupled with contain a second operator. 

In operation 802, a first processing element and a second 
processing element are selected. The first processing ele 
ment may contain a first operator coupled with the first 
processing element. The second processing element may 
contain a second operator coupled with the second process 
ing element. 

In operation 804, a computer processor consumption or 
workload of the first processing element is monitored. A 
workload of the second processing element may be moni 
tored. The monitoring of the workload of the first processing 
element and the second processing element may be mea 
Sured and recorded by a fusion manager. To measure the 
workload of the first processing element and the second 
processioning element the fusion manager may measure the 
workload or consumption of a computer processor. For 
example, the fusion manager may measure the workload of 
a first processing element, and the workload of a second 
processing element. The workload of the first processing 
element may include the workload of a first operator within 
the first processing element. The workload of the second 
processing element may include the workload of a second 
operator within the second processing element. 

In operation 806, a threshold of a workload of computer 
processors that the first operator and the second operator are 
operating upon is determined. The threshold may include an 
upper threshold or a lower threshold of the workload of the 
computer processors. The upper threshold and the lower 
threshold may be used to determine if a computer processor 
is overloaded or underloaded. If the computer processor is 
not overloaded or underloaded, then the fusion may not be 
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and the flowchart may progress to operation 808. The 
thresholds may be adjustable. The threshold may be used to 
inform a user that the processing element is overloaded or 
underloaded. If the workload of the first processing element 
has reached a threshold, then the flowchart may process to 
operation 810. For example, the first operator of a first 
processing element may be operating on a first computer 
processor. If the workload of the first computer processor 
reaches a threshold, then the threshold may be a first 
threshold. The first threshold may be determined by a fusion 
manager. The fusion manager may process the flowchart to 
operation 810, which sends instructions on how to fuse the 
operators. 

If a processor containing a processing element with an 
operator is overloaded, then the processing element may 
attempt to fuse an operator within the processing element to 
another processing element. For example, a first processing 
element has a first operator. The workload of the first 
processing element may be overloaded, causing the work 
load of the first processing element to reach a first threshold. 
The first operator of the first processing element may be 
de-coupled and fused to a second processing element to 
reduce the workload of the first processing element. 

If a processor with a processing element is underloaded, 
then an operator of another processing element may be 
de-coupled and fused with the processing element of the 
processor. For example, a first processing element has a first 
operator and a second processing element has a second 
processing element. The workload of the first processing 
element may be underloaded, causing the workload of the 
first processing element to reach a first threshold. The 
second operator of the second processing element may be 
de-coupled and fused to the first processing element to 
increase the workload of the first processing element. 

In various embodiments, the operators may be fused on 
the determination that the fusion may increase a workload 
efficiency even if the first threshold has not been reached. If 
the first threshold has not been reached but the workload 
efficiency may be increased, then the first processing ele 
ment may be fused with the second processing element. 

In operation 808, the operators remain unfused. If the first 
threshold has not been reached by the processing element, 
then the operators remain unfused. For example, if the first 
processing element has not reached the threshold, then a first 
operator of the first processing element may not be fused to 
another processing element. 

In operation 810, the fusion of a first operator within the 
first processing element and a second operator within the 
second processing element is determined. To determine if 
the first operator and the second operator may be fused, 
programming instructions may be used. The programming 
instructions of the first operator and the programming 
instructions of the second operator may be compared to 
determine if the operators may be fused. The programming 
instructions of the first operator may include fusion instruc 
tions of the first operator. The programming instructions of 
the second operator may include fusion instructions of the 
second operator. If the programming instructions of the first 
operator and the programming instructions of the second 
operator may determine that the first operator may be fused 
with the second operator, then the flowchart may progress to 
operation 812. The programming instructions of the first 
operator and the programming instructions of the second 
operator may determine that the first operator and the second 
operator are in a same class. The class may include a type of 
operator. If the programming instructions of the first opera 
tor and the programming instructions of the second operator 
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may determine that the first operator may not be fused with 
the second operator, then the flowchart may progress to 
operation 818. 

In various embodiments, the second processing element 
may contain more than one operator that determines if the 
first operator and the second operator may fuse. For 
example, the second processing element may contain a third 
operator. The third operator may include programming 
instructions that may include the fusion instructions of the 
third operator. If the programming instructions of the first 
operator and the third operator may determine that the first 
operator may not be fused with the third operator, then the 
flow chart may progress to operation 818. Even if the 
programming instructions of the first operator and the pro 
gramming instructions of the second operator determine that 
the first operator and the second operator may be fused, the 
programming instructions of the third operator included 
within the second processing element may prevent the first 
operator and the second operator from fusing. 

In operation 812, the fusion manager may fuse the first 
operator with the second operator. The first operator may be 
fused with the second operator on the second processing 
element. The second processing element may receive the 
first operator from the first processing element and fuse the 
first operator with the second operator. The fusion may 
include the first operator and the second operator performing 
independent operations on tuples as they are within the 
second processing element. For example, a tuple may enter 
the second processing element. The tuple enters the pro 
cessing element, the first operator and the second operator 
perform operations on the tuple, and the tuple exits the 
Second processing element. 

In various embodiments, the first operator and the second 
operator may be fused on the first processing element. The 
first processing element may receive the second operator 
from the second processing element and fuse the first 
operator with the second operator. 

In various embodiments, the fusion of the first operator 
and the second operator on the second processing element 
requires a pause of the streams environment. For example, 
if the first operator is to be de-coupled from the first 
processing element, the tuple flow entering the first process 
ing element may need to be paused to prevent tuples from 
not being processed by the first operator before the first 
operator is moved to the second processing element. A pause 
may include holding tuples from entering a processing 
element that has the pause placed before. If the first pro 
cessing element is located upstream of the second process 
ing element, then the pause can be placed before the first 
processing element. If the second processing element is 
located upstream of the first processing element, then the 
pause can be placed before the second processing element. 
The pausing of the tuple flow may be maintained until the 
first operator is de-coupled from the first processing ele 
ment, and fused with the second processing element. After 
the first operator is fused with the second processing ele 
ment, the pause may be removed and the tuple flow may be 
restored. 

In operation 814, workload is monitored of the first 
processing element and the second processing element and 
the workload may be used to determine if the fusion has 
increased the efficiency of the first processing element and 
the second processing element. The efficiency may include 
the workload efficiency. Workload efficiency may be deter 
mined by the computational power required or computer 
process consumption of the workload. A computer processor 
consumption or workload of the first processing element and 
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the workload of the second processing element may be used 
to determine if the fusion of the first operator and the second 
operator increased or decreased the efficiency of the streams 
environment. Increasing or decreasing the efficiency of the 
streams environment may include the efficiency of the first 
processing element, the second processing element, or the 
streams environment as a whole. For example, if adding the 
workload of the first operator increased the workload of the 
second processing element but did not overload the work 
load of the second processing element, then the fusion may 
have increased the efficiency of the second processing 
element. The fusion may also decrease the workload of the 
first processing element; if the fusion does not under load the 
workload of the first processing element, then the fusion 
may have increased the efficiency of the streams environ 
ment as a whole. If the fusion increases the efficiency of the 
streams environment, then the flowchart may progress to 
operation 816. In another example, if adding the workload of 
the first operator to the second processing element overloads 
the workload of the second processing element, then the 
fusion may have decreased the workload efficiency of the 
second processing element. If the fusion decreases the 
efficiency of the second processing element, then the flow 
chart may progress to operation 818. 

In various embodiments, the fusion may increase the 
efficiency of the first processing element, but decrease the 
efficiency of the second processing element. For example, 
the fusion may prevent the first operator from overloading 
the first processing element, but the fusion causes the second 
processing element to be overloaded. The fusion manager 
may choose which processing element is the least over 
loaded when fused with the first processing element. For 
example, if the first processing element with the first opera 
tor is 10% overloaded and the fusion of the first operator 
causes the second processing element to be 5% overloaded, 
then the fusion manager may fuse the operator with the 
second processing element. 

In various embodiments, the removal of the first operator 
from the first processing element may include removing all 
of the operators within the first processing element. If all of 
the operators within the first processing element are de 
coupled, then the workload first processing element may be 
Zero. Since the workload is zero the underloaded workload 
determination is not considered when determining if more 
operators should be fused with the first processing element. 
If the workload of the first processing element is zero, then 
the processing element may be removed from the streams 
environment. 

In various embodiments, determining the efficiency may 
include a threshold of the workload of the computer pro 
cessors. The threshold may include an upper threshold or a 
lower threshold of the workload of the computer processors. 
The upper threshold and the lower threshold may be used to 
determine if a computer processor is overloaded or under 
loaded. If the computer processor is overloaded or under 
loaded, then the fusion may have not increased the efficiency 
of the computer processor and the flowchart may progress to 
operation 818. For example, the fusion of the first operator 
and the second operator on the second processing element 
may cause a computer processor the second processing 
element is operating on to be overloaded. If the computer 
processor becomes overloaded by reaching the upper thresh 
old, then the threshold may include a second threshold of the 
workload. If the second threshold of the workload has been 
reached, then the fusion may have not increased the effi 
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ciency. If the fusion has not increased the efficiency, then the 
first operator and the second operator may be unfused in 
operation 818. 

In operation 816, the first operator remains fused with the 
second operator on the second processing element. The 
determination of the fusion first operator with the second 
processing element increasing the efficiency of the streams 
environment may result in the fusion. 

In operation 818, the first operator is unfused with the 
second operator on the second processing element. The 
determination of the fusion first operator with the second 
processing element decreasing the efficiency of the streams 
environment may result in the fusion being reverted or 
unfused. The first operator may be fused with the first 
processing element to return the streams environment to the 
original configuration. 

In various embodiments, the fusion operation 808 may be 
tested in a test streams environment. A copy of the operator 
graph of the actual streams environment being monitored by 
the fusion manager may be copied and tested to determine 
if the fusion of the first operator to the second processing 
element will increase the efficiency of the test streams 
environment. The testing may proceed within the test 
streams environment as within the flow chart, but the fusion 
within the operator graph may not occur unless the test 
streams environment determines that the fusion increases the 
efficiency of the tested streams environment. In operation 
812, the tested Streams environment may apply the fusion in 
the operator graph to conclude the tested streams environ 
ment. For example, a test streams environment may be 
created as a copy of the operator graph of the actual streams 
environment. The copy may be tested using a previous run 
performed upon the streams environment. If the fusion of the 
first operator to the second operator within the second 
processing element increases the efficiency of the tested 
streams environment, then the first operator can be fused 
with second operator within the operator graph of the actual 
streams environment. 
The present invention may be a system, a method, and/or 

a computer program product. The computer program prod 
uct may include a computer readable storage medium (or 
media) having computer readable program instructions 
thereon for causing a processor to carry out aspects of the 
present invention. 
The computer readable storage medium may be a tangible 

device that may retain and store instructions for use by an 
instruction execution device. The computer readable storage 
medium may be, for example, but is not limited to, an 
electronic storage device, a magnetic storage device, an 
optical storage device, an electromagnetic storage device, a 
semiconductor storage device, or any suitable combination 
of the foregoing. A non-exhaustive list of more specific 
examples of the computer readable storage medium includes 
the following: a portable computer diskette, a hard disk, a 
random access memory (RAM), a read-only memory 
(ROM), an erasable programmable read-only memory 
(EPROM or Flash memory), a static random access memory 
(SRAM), a portable compact disc read-only memory (CD 
ROM), a digital versatile disk (DVD), a memory stick, a 
floppy disk, a mechanically encoded device such as punch 
cards or raised structures in a groove having instructions 
recorded thereon, and any suitable combination of the fore 
going. A computer readable storage medium, as used herein, 
is not to be construed as being transitory signals perse. Such 
as radio waves or other freely propagating electromagnetic 
waves, electromagnetic waves propagating through a wave 
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guide or other transmission media (e.g., light pulses passing 
through a fiber-optic cable), or electrical signals transmitted 
through a wire. 
Computer readable program instructions described herein 

may be downloaded to respective computing/processing 
devices from a computer readable storage medium or to an 
external computer or external storage device via a network, 
for example, the Internet, a local area network, a wide area 
network and/or a wireless network. The network may com 
prise copper transmission cables, optical transmission fibers, 
wireless transmission, routers, firewalls, Switches, gateway 
computers and/or edge servers. A network adapter card or 
network interface in each computing/processing device 
receives computer readable program instructions from the 
network and forwards the computer readable program 
instructions for storage in a computer readable storage 
medium within the respective computing/processing device. 
Computer readable program instructions for carrying out 

operations of the present invention may be assembler 
instructions, instruction-set-architecture (ISA) instructions, 
machine instructions, machine dependent instructions, 
microcode, firmware instructions, state-setting data, or 
either source code or object code written in any combination 
of one or more programming languages, including an object 
oriented programming language Such as Smalltalk, C++ or 
the like, and conventional procedural programming lan 
guages, such as the “C” programming language or similar 
programming languages. The computer readable program 
instructions may execute entirely on the users computer, 
partly on the user's computer, as a stand-alone software 
package, partly on the user's computer and partly on a 
remote computer or entirely on the remote computer or 
server. In the latter scenario, the remote computer may be 
connected to the user's computer through any type of 
network, including a local area network (LAN) or a wide 
area network (WAN), or the connection may be made to an 
external computer (for example, through the Internet using 
an Internet Service Provider). In some embodiments, elec 
tronic circuitry including, for example, programmable logic 
circuitry, field-programmable gate arrays (FPGA), or pro 
grammable logic arrays (PLA) may execute the computer 
readable program instructions by utilizing state information 
of the computer readable program instructions to personalize 
the electronic circuitry, in order to perform aspects of the 
present invention. 

Aspects of the present invention are described herein with 
reference to flowchart illustrations and/or block diagrams of 
methods, apparatus (systems), and computer program prod 
ucts according to embodiments of the invention. It will be 
understood that each block of the flowchart illustrations 
and/or block diagrams, and combinations of blocks in the 
flowchart illustrations and/or block diagrams, may be imple 
mented by computer readable program instructions. 

These computer readable program instructions may be 
provided to a processor of a general purpose computer, 
special purpose computer, or other programmable data pro 
cessing apparatus to produce a machine, Such that the 
instructions, which execute via the processor of the com 
puter or other programmable data processing apparatus, 
create means for implementing the functions/acts specified 
in the flowchart and/or block diagram block or blocks. These 
computer readable program instructions may also be stored 
in a computer readable storage medium that may direct a 
computer, a programmable data processing apparatus, and/ 
or other devices to function in a particular manner, such that 
the computer readable storage medium having instructions 
stored therein comprises an article of manufacture including 
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instructions which implement aspects of the function/act 
specified in the flowchart and/or block diagram block or 
blocks. 

The computer readable program instructions may also be 
loaded onto a computer, other programmable data process 
ing apparatus, or other device to cause a series of operational 
steps to be performed on the computer, other programmable 
apparatus or other device to produce a computer imple 
mented process, such that the instructions which execute on 
the computer, other programmable apparatus, or other 
device implement the functions/acts specified in the flow 
chart and/or block diagram block or blocks. 
The flowchart and block diagrams in the Figures illustrate 

the architecture, functionality, and operation of possible 
implementations of systems, methods, and computer pro 
gram products according to various embodiments of the 
present invention. In this regard, each block in the flowchart 
or block diagrams may represent a module, segment, or 
portion of instructions, which comprises one or more 
executable instructions for implementing the specified logi 
cal function(s). In some alternative implementations, the 
functions noted in the block may occur out of the order noted 
in the figures. For example, two blocks shown in Succession 
may, in fact, be executed Substantially concurrently, or the 
blocks may sometimes be executed in the reverse order, 
depending upon the functionality involved. It will also be 
noted that each block of the block diagrams and/or flowchart 
illustration, and combinations of blocks in the block dia 
grams and/or flowchart illustration, may be implemented by 
special purpose hardware-based systems that perform the 
specified functions or acts or carry out combinations of 
special purpose hardware and computer instructions. 
What is claimed is: 
1. A method for fusing a plurality of operators within a 

streams environment, the method comprising: 
monitoring a streams environment including a plurality of 

processing elements operating upon one or more com 
puter processors, wherein the plurality of processing 
elements include: 
a first processing element coupled with a first operator 
which is instructed by a first programming instruc 
tions, and 

a second processing element coupled with a second 
operator which is instructed by a second program 
ming instructions; 

measuring a workload of the first processing element; 
measuring a workload of the second processing element; 
determining if the workload of the first processing ele 

ment has reached a first threshold of the workload of 
the first processing element; 

determining if the workload of the second processing 
element has reached a second threshold of the workload 
of the second processing element; 

comparing the first programming instructions and the 
second programming instructions to determine whether 
the first programming instructions and the second pro 
gramming instructions are compatible, wherein the first 
operator and the second operator are susceptible to 
fusion when it is determined that the first programming 
instructions and the second programming instructions 
are compatible; and 
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in response to a determination that the workload of the 

first processing element has reached the first threshold 
and the workload of the second processing element has 
reached the second threshold and a determination that 
the first operator and the second operator are Suscep 
tible to fusion: 
de-coupling the first operator from the first processing 

element, and 
fusing, the first operator to the second processing 

element. 
2. The method of claim 1, wherein the first threshold of 

the workload of the first processing element is a lower 
threshold of the workload. 

3. The method of claim 1, wherein the fusing the first 
operator to the second processing element comprises: 

determining if fusing the first operator causes a workload 
of the second processing element to reach a third 
threshold of the workload of the second processing 
element; and 

unfusing, in response to the third threshold of the work 
load, the first operator from the second processing 
element. 

4. The method of claim 1, wherein the fusing of the first 
operator with the second processing element comprises: 

determining, in response to the determining the first 
processing element reaching the first threshold, a 
pause: 

pausing one or more tuples from entering the streams 
environment; 

de-coupling the first operator from the first processing 
element; 

fusing the first operator with the second processing ele 
ment; and 

removing, in response to the fusing, the pause. 
5. The method of claim 1, wherein the programming 

instructions of the first operator include instructions on 
fusing with the second operator. 

6. The method of claim 1, wherein the workload of the 
first processing element includes runtime statistics of the 
first operator. 

7. The method of claim 6, wherein the runtime statistics 
further comprise: 

gathering historical information of tuple flow within the 
first operator, and 

displaying a fusion of the first operator and a second 
operator. 

8. The method of claim 1, wherein the fusing of the first 
operator and the second operator on to the second processing 
element occurs during processing time of the streams envi 
rOnment. 

9. The method of claim 1, wherein the programming 
instructions of the first operator include a designation of a 
class of the first operator and the programming instructions 
of the second operator include a designation of a class of the 
second operator. 

10. The method of claim 9, wherein the comparing of the 
first programming instructions and the second programming 
instructions to determine whether the first programming 
instructions and the second programming instructions are 
compatible includes comparing the class of the first operator 
and the class of the second operator. 
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